Metamaterial one-dimensional periodic structures are composed of split-ring resonators, which can display electric permittivity and magnetic permeability simultaneously negative, are studied experimentally. In the present study, each resonator is made up of two concentric circular copper rings patterned on a substrate of kapton, with slits diametrically opposite each other and with the line of the splits along the longitudinal direction of the periodic array containing seven split rings evenly spaced. The experiments consist in inserting the metamaterial slab into a square waveguide of side length 6 mm, corresponding to a cutoff frequency of 25 GHz. Transmission bands due to magnetic and electrical responses are identified for slits with aperture widths of 1 mm and 2 mm, centered at 5.67 and 6.12 GHz frequencies, respectively, values well below the 25 GHz frequency cutoff, so characterizing a medium with negative permeability and permittivity.
Introduction
Metamaterials are artificially structured materials especially constructed to interact with electromagnetic waves so as to control their propagation characteristics. Usually incorporating concentric split-ring resonators (SRR), such materials can exhibit electric permittivity and magnetic permeability both simultaneously negative due to the electric and magnetic responses to an incident electromagnetic wave. Magnetic resonance is induced by the slits and by the separation region between the inner and outer rings, which behave as capacitive elements. Owing to the resonant behavior of the rings, such a structure can support wavelengths much larger than the dimension of the rings. According to the peculiar properties of circuits made of metamaterials, a periodic structure formed by concentric rings can be used to allow wave propagation inside miniaturized waveguide operating below cutoff [1, 2] . Even smaller than the operation wavelength these structures find applications in frequency ranges spanning from microwave up to terahertz frequencies [3] , as subwavelength waveguides and resonators, filters and delay lines. Several aspects of metamaterials research and progress in this area have been reported in the literature [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The experiments presented here concern microwave propagation through a waveguide loaded by arrays of seven split-ring resonators. Measured spectra show their inherent transmission characteristic and how closed rings and split rings of widths of 1 mm and 2 mm are related to the magnetic and electric resonances.
Split-Ring Resonator Design and Construction
As illustrated in Figure 1 , the resonator consists of two concentric rings of copper (with thickness 37 m) patterned on a kapton substrate of dielectric constant ε = 3.2. The other geometric parameters are: spacing between the inner and outer ring d = 0.3 mm, ring width w = 0.4 mm, inner ring radius r = 1.4 mm, side a = 6.0 mm, so that the diameter of the structure of the SRR is 5.0 mm. In the experiments, the resonance effects of three different slits (gaps) were investigated: g = 1.0 mm, g = 2.0 mm, and g = 0 referred to as a closed ring resonator (CRR). Because of the separation between the rings, the resonators can respond at a wavelength of about 4.6 -5.3 cm, which is much larger than the diameter of the ring (5.0 mm). The rings act as a distributed capacitance C 0 represented by the equivalent circuit shown in Figure 2 , where L is the mutual inductance of the rings and C g , the capacitance of the slit (gap) between the edges of rings, such that the resonance frequency can be estimated by [1] :
As mentioned earlier, the structure under study consists of two concentric rings with diametrically opposite splits. The magnetic response is induced through these splits which provide a negative permeability [4] . Electric resonance also occurs for the charge distribution associated with the induced electric dipoles [14] .
Experimental Arrangements and Experiments
Figure 3 depicts three different ring arrays with seven cells used in this work: cells with closed rings, i.e., g = 0, an array with g = 1 mm, and the third one with g = 2 mm. Experiments were implemented by loading a metallic square waveguide with a periodic array of split-ring resonators (Figure 4) . The array is placed on the plane of symmetry of a square waveguide with 6 mm side, with a corresponding cut-off frequency of 25 GHz for the dominant mode TE 10 . As can be seen in Figure 4 , the first and the last cells of the array were placed partially out of the waveguide to strengthen its excitation. The whole experimental setup is shown in Figure 5 , where the loaded waveguide is symmetrically connected at both ends to identical J-band coaxial cable adapters, used to excite and detect the propagating signal through the combined medium, i.e., metamaterial slab and waveguide. An Agilent N5230C vector network analyzer was used to measure the transmission coefficient S 21 through the combined medium, as well as to collect experimental data.
Experimental Results
Figures 6 and 7 show the experimental and simulated results for split-ring resonators with g = 1.0 mm and g = 2.0 mm, respectively. In both cases, there appear two transmission bands centered at 5.67 GHz and 6.12 GHz, respectively, which correspond to the magnetic response of the split rings [1, 2] . These values are well below the frequency cutoff at 25 GHz, thus featuring a medium with negative permeability and permittivity. Simulation results from the software CST Microwave Studio are compared with the experimentally measured transmission coefficients. A second band corresponding to the electrical response is most clearly observed in the simulated curves. For the array with slit width g = 1.0 mm a narrow magnetic passband is absolutely coincident with the simulated curve. For the slit with g = 2.0 mm, experiments confirm that the electric and the magnetic bands are both blue shifted with respect to the spectrum of the 1-mmgap array (Figure 6 ). The resonator with larger slit has a higher resonance frequency because the wider the gap between the ring ends, the lower the gap capacitance and the lower mutual inductance, which in turn, according to Equation (1), both increase the resonance frequency. Moreover, as the spacing d between the rings remains fixed, varying the slit width barely affects the mutual capacitance. Figure 8 compares the simulated (blue curve) and measured transmission coefficient S 21 (red curve) for the periodic structure with closed rings (CRRs (g = 0) ).
Note that for g = 0, the simulated results predict with great accuracy the location and width of the electric band (~10.9 -14.0 GHz) with respect to the experimental curve. The presence of seven peaks in the electrical band, which corresponds to the seven resonant coupled rings, can be clearly observed. As was expected, the magnetic response signal does not appear, thus confirming that the magnetic response occurs solely with split rings. Therefore, closing the split rings no current flows across the annular gap separating the inner and outer rings and, in this way, the magnetic resonance does not arise.
To point out the transmisson band characteristics around 5.67 and 6.12 GHz, Figures 9 and 10 display, respectively, the transmission phase plot for the periodic arrays here investigated. We see that the transmission passband (with both negative permittivity and permeability) extend from 5.46 to 6.96 GHz and from 5.90 to 6.40 GHz, respectively, for the cases when g = 1.0 mm and g = 2.0 mm, thus covering a band of about 0.40 GHz in both cases (Figures 9(a) and 10(a) ). We also note that the transmission band correlates with phase compression as shown in Figures 9(b) and 10(b) , which can be inter- preted as the signature of simultaneously negative permittivity and permeability. In fact, within the transmision band the slope of the unwrapped phase curve is higher than the slopes of the straight segments (Figures 9(c) and  10(c) ) outside the respective transmission ranges. 
Conclusion
A study of periodic arrays consisting of an array of splitring resonators immersed in a waveguide below cutoff was performed experimentally, whereby magnetic and electric transmission bands were determined. Experimental features are similar to those obtained from electromagnetic simulation, with magnetic response peaks being almost coincident. Analyzing the behavior of structures without slits, it was verified that such resonators do not originate magnetic responses, thus demonstrating that the separation of the rings is determinant to the magnetic response. Such structures allow for the miniaturization of devices, and in the present work, the diameter of the rings is much smaller than the operating wavelengths of magnetic response, a ratio of about 1/10. The observed slopes in all cases concerning unwrapped phases along the transmission magnetic band can be interpreted as an evidence of simultaneously negative permittivity and permeability of the combined medium.
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